experiments allow us to observe the temperature dependence of the parameters that characterize methyl group rotation in both compounds and in mixtures of the two compounds. In the mixtures, both types of methyl groups (that is, molecules of 1 and 2) can be observed independently and simultaneously at low temperatures because the solid state 1 H spin-lattice relaxation is appropriately described by a double exponential. We have followed the conversion 1 → 2 over periods of two years. The solid state 1 H spin-lattice relaxation experiments in pure samples of 1 and 2 indicate that there is a distribution of NMR activation energies for methyl group rotation in 1 but not in 2 and we are able to explain this in terms of the particle sizes seen in the field emission scanning electron microscopy images.
We report a variety of experiments and calculations and their interpretations regarding methyl group (CH 3 ) rotation in samples of pure 3-methylglutaric anhydride (1), pure 3-methylglutaric acid (2) , and samples where the anhydride is slowly absorbing water from the air and converting to the acid [C 6 H 8 O 3 (1) + H 2 O → C 6 H 10 O 4 (2) ]. The techniques are solid state 1 H nuclear magnetic resonance (NMR) spin-lattice relaxation, single-crystal X-ray diffraction, electronic structure calculations in both isolated molecules and in clusters of molecules that mimic the crystal structure, field emission scanning electron microscopy, differential scanning calorimetry, and high resolution 1 H NMR spectroscopy. The solid state 1 H spin-lattice relaxation experiments allow us to observe the temperature dependence of the parameters that characterize methyl group rotation in both compounds and in mixtures of the two compounds. In the mixtures, both types of methyl groups (that is, molecules of 1 and 2) can be observed independently and simultaneously at low temperatures because the solid state 1 H spin-lattice relaxation is appropriately described by a double exponential. We have followed the conversion 1 → 2 over periods of two years. The solid state 1 H spin-lattice relaxation experiments in pure samples of 1 and 2 indicate that there is a distribution of NMR activation energies for methyl group rotation in 1 but not in 2 and we are able to explain this in terms of the particle sizes seen in the field emission scanning electron microscopy images.
Introduction
Solid state 1 H nuclear magnetic resonance (NMR) spin-lattice relaxation experiments [1] can be used to explore the dynamical properties of methyl (CH 3 ) groups in solids and provide information concerning interactions at the atomic, molecular, and "several molecule" (clusters of molecules) levels [2] . In these solid samples, methyl group rotation is the only motion occurring on the NMR time scale (approximately 10 -10 -10 -5 s for our experiments). In this paper we report results using solid state 1 H spin-lattice relaxation [1] , field emission scanning electron microscopy [3] , and high resolution 1 H NMR spectroscopy, to examine samples that are composed of two similar molecules (each with a single CH 3 group) where, over time, one compound is converting into the other by simple hydrolysis. A sample of 3-methylglutaric anhydride (1; Fig. 1a and c), when exposed to the air, will absorb water and covert to 3-methylglutaric acid (2; Fig. 1b 1 H spin-lattice relaxation before the conversion is complete. We have followed this process over two years in a commercial sample and over one year starting with a highly purified sample of 1. This hydrolysis process is very common and of no particular interest in and of itself. The novelty in this work is that the sample history, as the anhydride converts to the acid, can be monitored with a technique that exploits a microscopic dynamical process (CH 3 rotation).
We have also performed solid state 1 H spin-lattice relaxation [1] , field emission scanning electron microscopy [3] , differential scanning calorimetry [4] , electronic structure calculations [5] , and single crystal X-ray diffraction [6] in pure samples of 1 and 2 as reference points in order to help interpret the solid state 1 H spin-lattice relaxation measurements in the mixtures. By comparing the solid state 1 H spin-lattice relaxation results and the field emission scanning electron microscopy images in the pure samples, we find support for a model that relates one of the fitted solid state 1 H spin-lattice relaxation parameters to a distribution of NMR activation energies for methyl group rotation [7] . This distribution results from the fact that a non-negligible fraction of methyl groups may have different methyl group rotational barriers than those in the ideal crystal environment because they are near crystal surfaces or crystal imperfections.
The solid state 1 H spin-lattice relaxation in all these samples results from CH 3 rotation and is modeled in terms of standard NMR relaxation theory [1] , with appropriate modifications needed when the relaxation is caused by methyl group rotation [8] [9] [10] . The fitted NMR activation energies in the pure samples are in reasonable agreement with the barrier heights for methyl group rotation determined by electronic structure calculations in clusters of molecules based on the Xray structures of the pure crystals, both of which are reported here. The calculations in both isolated molecules and in the clusters allow us, independently of all the experimental techniques, to determine, approximately, the intramolecular and intermolecular contributions to the methyl group rotational barrier [11] .
Acid ! anhydride conversion and acid/anhydride mixtures in a variety of solids have been studied using high resolution NMR spectroscopy [refs. 12, 13, and references therein] but the current study is less complicated than these studies in that the only chemistry involved in the present case is that resulting from a single type of molecule of the acid being formed as a single type of molecule of the anhydride absorbs water from the atmosphere. Previous studies have usually involved several forms of the relevant anhydride and/or acid.
Readers not interested in the details of the various experimental techniques and calculations or the details of the rationale behind their interpretations, are invited to proceed directly to the Discussion section.
Experimental Methods

Sample Preparations and Designations
The compounds (solids at room temperature) 3-methylglutaric anhydride (1) (98%, mp 315-319 K) and 3-methylglutaric acid (2) (99%, mp 354-359 K) were purchased from SigmaAldrich. We call these samples, used as is, samples 1A (compound 1) and 2A (compound 2). A sample of 1 was purified (resulting in sample 1B) by zone refinement [14] . A sample of 2 was purified (resulting in sample 2B) by standard recrystallization techniques. These various samples were used in the solid state 1 H spin-lattice relaxation experiments over various periods of time as outlined in Table 1 and in Section 2.8.
A Weight Experiment
A 7.8 g sample of 3-methylglutaric anhydride [1, sample 1A (from the supplier)] was placed in a desiccator (at room temperature) with a salt-hydrate (Na 2 CO 3 •10H 2 O) that maintained a constant relative humidity of approximately 87% at 293 K. The weight increase of this sample was monitored as a function of time, as 3-methylglutaric anhydride absorbed water and turned into 3-methylglutaric acid.
X-ray Diffraction
Single crystals were taken from purified samples of 1 (sample 1B) and 2 (sample 2B).
They were mounted on a Hampton CryoLoop with Paratone-N oil and data were collected with a Bruker D8 diffractometer using an Ultra rotating-anode generator (Mo) equipped with a high-efficiency multi-layer, double-bounce monochromator. All data were collected with 1. 
High Resolution 1 H Nuclear Magnetic Resonance Spectroscopy
Using a Bruker 400 MHz NMR Spectrometer, high resolution 1 H spectra at 400 MHz were taken of (1) a sample of 1 less than an hour after opening the bottle from the supplier, (2) a sample of 2 less than an hour after opening the bottle from the supplier, and (3) a sample taken from sample 1A3 (see Table 1 ), the sample of 1 that had been open to the air for two years (via a small hole in the solid state NMR sample tube as discussed in Section 2.8) and used in the solid state 1 H spin-lattice relaxation experiments. For all three samples, the solvent was CD 3 OD (deuterated methanol).
Differential Scanning Calorimetry
Differential scanning calorimetry was performed on a TA Instruments Q2000 to characterize thermal transitions in the range of 113 to 373 K. Temperature and enthalpy calibrations were made using indium, and baseline corrections were determined from sapphire standards. Differential scanning calorimetry data were collected at a heating rate of 5 K/min under a helium purge. Two samples were used; sample 1B1 (zone refined 1) and sample 2B1 (recrystallized 2). (See Table 1 .)
Field Emission Scanning Electron Microscopy
Field emission scanning electron microscopy was performed with several of the same samples used with the solid state 1 H spin-lattice relaxation experiments, using a FEI Quanta 600FEG Field Emission Scanning Electron Microscope. Loose material was randomly sprinkled on carbon tape, thus achieving a variety of orientations for the particles (which may or may not be crystallites). Many crystallites of organic solids are comprised of flakes with one dimension much smaller than the other two [2, 7] so this procedure potentially allows for a determination of the smallest crystallite dimension because some crystallites will be imbedded in the carbon tape in an edge-on orientation. The electron beam energy was 5 keV and the images were taken under 0.38 Torr air pressure.
Electronic Structure Calculations
Electronic structure calculations were carried out with the Gaussian 09 package of programs [15] running Linux on a PSSC Labs Powerwulf computer. This a Beowulf-class computer with 84 computer cores across 7 nodes.
The isolated-molecule geometries of 3-methylglutaric anhydride (1) and 3-methylglutaric acid (2), taken from the X-ray crystallographic structures of the pure compounds, were subject to a full geometry optimization at the B3LYP/6-31G relax. Also, for this calculation, the ring atoms in all other molecules in the clusters for 1 and the five C atoms on the backbone for clusters of 2 were frozen at their X-ray determined positions in the crystal while all the other atoms in these molecules were allowed to relax. The basis set superposition error [5] was not corrected in the clusters since previous studies have shown that the basis set superposition error has little impact on the rotational barriers [2] while the computational cost is significant. All the calculations in the clusters were performed at the B3LYP/6-31G(d) level with the Grimme's D3BJ empirical correction for the London dispersion [19, 20] .
Solid State 1 H Spin-lattice Relaxation
Solid state 1 H spin-lattice relaxation experiments with 3-methylglutaric anhydride (1) (samples 1A and 1B) and 3-methylglutaric acid (2) (samples 2A and 2B) (see Table 1 ) were performed at 22.5 MHz (magnetic field 0.529 T) at temperatures between 103 and 290 K in 1 and between 130 and 300 K in 2 using a (perturbation π)-t-(observe π/2)-t w pulse sequence. The wait time t w in the pulse sequence was sufficiently long to allow the magnetization to return to its equilibrium value within 0.1% [11] . This is particularly important if the relaxation is nonexponential.
Temperature was controlled with a flow of cold nitrogen gas in a home-made variable temperature system and temperature was measured with home-made, silver-soldered, copperconstantan thermocouples imbedded in a part of the sample just outside the NMR coil. As such, the samples were not air tight: the hole in the Teflon tape "seal" through which the thermocouple went was approximately 0.5 mm in diameter. Absolute temperature was measured to ±2 K and temperature differences and drifts were monitored to ±0.3 K. The thermocouples used are calibrated to four secondary temperature standards and the calibration is checked every few years.
For 3-methylglutaric anhydride (1), solid state 1 H spin-lattice relaxation experiments were performed in sample 1A (directly from the manufacturer) one month after being exposed to the air via a small hole as described above (called sample 1A1), one year after being exposed to the air (called sample 1A2), and two years after being exposed to the air (called sample 1A3).
Experiments were performed in sample 1B (a purified version of 1) very soon after purification (called sample 1B1) and one year later (called sample 1B2). The experimental results in all these samples of 1 were different. These various uses of sample 1A and 1B are indicated in Table 1 .
For 3-methylglutaric acid (1), experiments were performed in sample 2A (directly from the manufacturer) soon after being opened (called sample 2A1) and one year later after being exposed to the air via the small hole for the year (called sample 2A2). Finally, experiments were performed once in a purified sample 2B (also called sample 2B1). All the results in the various samples of 3-methylglutaric acid (2) are the same, indicating that the compound is very stable.
The NMR relaxation experiments also do not distinguish between a 99% sample from the supplier (sample 2A) and a much purer sample (sample 2B). These various samples of 2 are listed in interactions by methyl group (CH 3 ) rotation [11, 21] . When methyl group rotation is responsible for the relaxation, the relaxation is nonexponential near the maximum in the relaxation rate and at higher temperatures [2, [8] [9] [10] [22] [23] [24] [25] [26] [27] [28] . The recovery of the perturbed magnetization M(0) at these higher temperatures can be fitted by a stretched exponential;
where R* is the characteristic relaxation rate and β is the stretching parameter [11, 22, [29] [30] [31] [32] [33] [34] [35] . If the relaxation is exponential to within experimental uncertainty, β = 1 and R* is labeled R. This occurs in pure compounds like 1 and 2 at temperatures below the maximum in the relaxation rate [2, [8] [9] [10] [22] [23] [24] [25] [26] [27] [28] . R* and β are not amenable to interpretation in any closed-form model and we use β solely as an indicator of the degree of nonexponentiality.
When the relaxation is nonexponential, within experimental uncertainty, the parameter that can be modeled, as described below, is R S , the initial decay of the relaxing magnetization [9] . The procedure for determining R S from M(t) versus t at higher temperatures is indicated elsewhere for a perturbation π pulse but the π pulse is not perfect and if M(0) is not taken as an independent adjustable parameter, significant systematic errors in the other parameters can result.
The previous paragraph refers to 1 H spin-lattice relaxation in the pure compounds 1 and 2.
In samples where both compounds are present, the decay of a perturbed 1 H magnetization at lower temperatures is fitted with a double exponential
The subscripts 1 and 2 refer to the two components of the relaxing magnetization which are identified with compounds 1 and 2. 
The parameters φ 1 and φ 2 will be interpreted as, approximately, the fractions of the sample that are compound 1 and 2. This interpretation neglects the fact that the nuclear magnetization for 3-methylglutaric anhydride arises from seven 1 H spins whereas the nuclear magnetization for 3-methylglutaric acid arises from nine 1 H spins. We will quote φ 1 and φ 2 to ±10% so we neglect this simplification. It is important to note that when both compounds are present, a four-parameter stretched exponential does not fit M(t) at low temperatures.
Determining a mathematical model for M(t) with the least number of adjustable parameters is
important input into modeling the relationship between CH 3 rotation and the structure of the sample on the mesoscopic scale, as discussed in the Results section.
The initial relaxation rate R S at higher temperatures in all samples, the single relaxation rate R at lower temperatures in the pure samples, and the two relaxation rates R 1 and R 2 at lower temperatures in the samples where both compounds 1 and 2 are present, are all modeled by R = 36, 37] . As is verified by experiment, at lower temperatures in samples where both compounds 1 and 2 are present, R 1 and R 2 in the double exponential for M(t) are the same as the corresponding R values in the pure compounds. We note that we do not need to consider the quantum mechanical tunneling of methyl groups at the high temperatures encountered here [21, [38] [39] [40] [41] [42] [43] [44] [45] . In these expressions for R and [38, [46] [47] [48] ,
2 where µ O is the magnetic constant and γ is the proton magnetogyric ratio. In fitting the temperature dependence of the various relaxation rates, the adjustable parameters are E NMR , ε, x, and z. E NMR is an NMR activation energy that is closely related to, but, in fact, is different from (and probably slightly smaller than), the barrier for CH 3 rotation in compounds like those investigated here [49] [50] [51] . The parameter x in τ ∞ =
x(2π/3)(2I/E NMR ) 1/2 accounts for the departure from τ ∞ = (2π/3)(2I/E NMR ) 1/2 , the latter being a very crude model for the preexponential factor [38, [46] [47] [48] . The parameters ε and z are discussed
is the spectral density (discussed further in the next paragraph), ω/(2π) = 22.5 MHz is the NMR frequency, τ is the mean time between methyl group hops in a semiclassical methyl group hopping process, I is the moment of inertia of a methyl group, n = 3 is the number of 1 H spins in a methyl group, and N (= 7 in 1 and 9 in 2) is the number of 1 H spins in the asymmetric unit in the crystal (which is a single molecule for both 1 and 2). The above expression for the various relaxation rates assumes that 1 H-1 H spin diffusion maintains a common spin temperature for the sample throughout the spin-lattice relaxation process. When both compounds are present in the same sample and a double exponential function is used for M(t), rapid spin diffusion occurs within each of the two magnetizations, but not between them.
From the perspective of interpreting the relaxation rate data in the pure compounds 1 and 
Results and Analyses
A Weight Experiment
A 7.8 ± 0.1 g sample of 3-methylglutaric anhydride [1, sample 1A (from the supplier)]
was placed in an environment that maintained a constant relative humidity of approximately 87%.
The weight as a function of time W(t) is presented in Fig. 2 and is well fitted by
where T E = 24 ± 2 days. This value of T E (an exposure time constant)
has no fundamental importance and will depend on humidity, temperature, and the ratio of surface area to volume of the sample. The latter was large and the humidity was high, so the importance of the value of the time constant is that even in these "extreme" conditions (compared with the samples used in the solid state 1 H spin-lattice relaxation experiments), it is very much longer than a few hours or even a few days. This makes this result consistent with the solid state 1 H spinlattice relaxation experiments presented in Section 4.7. If the starting sample was all 1 and the final sample was all 2, the theoretical value of W(∞)/W(0) would be (145 amu)/(127 amu) = 1.14,
independently of any fitting function. Using the first and last data points in Fig. 2 we obtain W last /W first = (8.7 ± 0.1 g)/(7.8 ± 0.1 g) = 1.12 ± 0.03, again, independently of any fitting function.
If this ratio were greater than the theoretical value (within experimental uncertainty) then the result would be inconsistent with 1 → 2 via simple hydrolysis. Since this experiment was done with the sample from the supplier (sample 1A), it shows that the 98% purity quoted was reasonable.
X-ray Diffraction
The X-ray diffraction data are summarized in Table 2 . The structure of the molecules 1 and 2 in the crystal are shown in Fig. 1 and the crystal structures of 1 and 2 are shown in Fig. 3 .
The structures have been deposited with the Cambridge Structural Database and the deposit numbers are 1477660 (1) and 1477661 (2). The asymmetric unit in both crystals is a single molecule (Z' = 1). Since there is one methyl group per molecule this means that all methyl groups in the bulk crystal are dynamically equivalent. This is important in interpreting the solid state 1 H spin-lattice relaxation experiments presented in Section 4.7. It is likely that there will be Hbonding in 2 (see the very center of the crystal structure in Fig. 3 b) . If so, it has no consequences for the dynamical models being presented here.
High Resolution 1 H Nuclear Magnetic Resonance Spectroscopy
High resolution 1 H NMR spectra at 400 MHz indicate that the samples of 1 and 2 from the supplier were consistent with the quoted purities (98% for 1 and 99% for 2). The spectra with sample 1A3 (compound 1 open to the air through a small hole in the solid state NMR tube for two years) indicate that the sample was approximately 5% 1 and 95% 2. As presented below, this is an important confirmation of the interpretation of the solid state 1 H spin-lattice relaxation experiments presented in Section 4.7.
Differential Scanning Calorimetry
Neither sample 1B1 [zone refined 3-methylglutaric anhydride (1)] or sample 2B1
[recrystallized 3-methylglutaric acid (2)] showed any solid-solid phase transitions between 123
and 293 K. This means that the crystal structures for 1 and 2 determined at 100 K by the singlecrystal X-ray diffraction experiments are valid for the entire temperature range. Sample 1B1
showed an extrapolated melting point at 317.3 K with a heat of melting of 124.0 J/g and sample
2B1
showed an extrapolated melting point at 356.8 K with a heat of melting of 180 J/g. These results indicate that these samples are very pure. In addition, we note that the melting points are within the melting point ranges of the samples provided by the supplier (samples 1A and 2A).
Field Emission Scanning Electron Microscopy
Figs. 4 and 5 show field emission scanning electron microscopy images of (small parts of) the same samples of pure 1 (sample 1B1) and 2 (sample 2B1) used in the solid state 1 H spinlattice relaxation experiments. Field emission scanning electron microscopy images of three other samples of 3-methylglutaric anhydride (1) are not shown. A sample directly from the supplier's bottle (that had, by this time, been opened many times) had parts that looked like the step structures in Fig. 5 a and other parts that appeared structureless like Fig. 4 a. Images of samples with histories comparable with samples 1A1 and 1A2 (Table 1) show little or no structure. We can conclude that samples of 1 where some (samples 1A1 and 1A2) or most (sample 1A3) of the sample had converted to 2, (see Table 1 ) were very different in appearance at the sub µm scale than the very stable recrystallized sample of 2 (like sample 2B1).
Electronic Structure Calculations
The calculated ground state structures of isolated molecules of 1 and 2 are as shown in 
Solid State 1 H Spin-lattice Relaxation
The temperature dependence of the parameters that characterize the solid state 1 H spinlattice relaxation is presented in Figs. 6, 7, 8, and 9. We first fit the temperature dependence of the appropriate relaxation rates [the initial (short-time) relaxation rate R S at higher temperatures interaction is proportional to r −6 (where r is the appropriate H-H distance) and an additional angular factor that is less than unity [54] .
There is a very significant difference between the temperature dependence of the relaxation rates in the pure compounds of 1 and 2 (Fig. 6 ). In pure 3-methylglutaric acid (2), ε is (Fig. 4) used in the solid state 1 H spin-lattice relaxation rate experiments support this interpretation. There are many very small "particles" that do not have a crystalline appearance even at the few hundreds of nanometers scale. At the same time ε ≡ 1 for 2 correlates well with the field emission scanning electron microscopy images (Fig. 5 ) of the sample of 2 used in the relaxation experiments. The crystals are large and smooth (having a smallest dimension of more than 1 µm) and will have a negligible fraction of molecules near a surface or other crystal imperfection. As such, there is a single "type" of methyl group, E NMR is unique, and a Poisson spectral density
appropriate. To put this into perspective, we present an order of magnitude calculation of the fraction of molecules on or near a surface of a crystallite or at some other dislocation. We take the linear dimension of a molecule as € ℓ = 1 nm and consider a crystallite that is infinite in two dimensions and whose thickness is d. Assume the first five "planes" of molecules into the surface have methyl group rotational barriers that are different from the "perfect crystal" barrier. In addition, there will be dislocations within crystallites and they will mimic crystallite surfaces.
With these assumptions and approximations, the fraction of methyl groups that will have an NMR (upward pointing triangles in Fig. 7 ) can be matched with the relaxation rates for the pure compound 2. The fractional equilibrium magnetization φ 1 relaxing with R 1 is 40 ± 10% and the fractional equilibrium magnetization φ 2 relaxing with R 2 is 60 ± 10%. (See Table 1 .)
Presumably, in the year between using the pure sample 1B (called sample 1B1 soon after purification and sample 1B2 after being exposed to the air for a year) approximately half compound 1 has converted to compound 2.
To investigate this conversion phenomenon in greater detail (and to check the reproducibility of the proposed model; that the solid state 1 H spin-lattice relaxation experiments are observing 1 convert to 2) we used another sample of 1, sample 1A. This sample was taken directly from the manufacturer's bottle without purification. We measured the temperature dependence of the solid state 1 H relaxation parameters one month after being exposed to the air (sample 1A1), one year after being exposed to the air (sample 1A2), and two years after being exposed to the air (sample 1A3). The data for these three sets of experiments is shown in Fig. 8 .
The relaxation rates R 1 and R 2 at low temperatures for samples 1A1 and 1A2 mirror those in sample 1B2 in Fig. 7 . However, the fractional equilibrium magnetizations φ 1 and φ 2 are different ( Table 1) . In sample 1A1, the fractional equilibrium magnetizations are φ 1 = 50 ± 10%
corresponding to 1 and φ 2 = 50 ± 10% corresponding to 2. For sample 1A2, however, these become φ 1 = 25 ± 10% corresponding to 1 and φ 2 = 75 ± 10% corresponding to 2. In this case, more of compound 1 has converted to compound 2. The 1 H spin-lattice relaxation rates for sample 1A3 a year later (two years exposed to the air) in Fig. 8 is the same as sample 1A2 at higher temperatures but at lower temperatures neither a four-parameter stretched exponential or a five-parameter double exponential fit M(t) versus t very well. We show the R* (from a stretched exponential) values for sample 1A3 in Fig. 8 as a guide, despite the poorness of fit. Most of the sample 1A3 has converted to 2. The signal-to-noise in the relaxation experiments, though high, is not high enough to fit M(t) versus t to a double exponential if one fractional magnetization is less than approximately 10% (but well above zero). In any event, the low temperature R* values for sample 1A3 suggest that most of the sample has converted but enough has not that the relaxation rate data is difficult to fit. This was verified by the high resolution 1 H NMR spectroscopy experiment that showed that approximately 5% of this sample is 1 and approximately 95% of this sample is 2. These result are summarized in Table 1 . The 1 H spin-lattice relaxation rate experiments in sample 1A over the two year period (three sets of fractional equilibrium magnetizations φ 1 and φ 2 , each with a large uncertainty) provide a conversion time constant T E ~ several months to about a year. This is consistent with the fact that this sample was open to the air via a very small hole, that the surface-to-volume ratio for the sample was very small, and that the humidity varied from 10% to 50% (i.e., much less than 87% for the experiment discussed in versus t for all eight distinct NMR samples for both compounds (Table 1) max is not amenable to interpretation in terms of a fundamental closed-form model, it is, nevertheless, a signature of CH 3 rotation, at least in a large class of organic van der Waals solids [10] . Note that β versus T -1 -T -1 max for the two pure samples of 1 and 2 covers the entire temperature range (for each compound) whereas for all the other samples of 1 (with significant amounts of 2 in the sample), β is only plotted above 160-200 K (depending on sample) because the low temperature M(t) versus t for these samples cannot be fitted by a stretched exponential. A double exponential was required.
Discussion
The NMR activation energy for methyl group rotation is 12 ± 1 kJ mole -1 in pure solid 3-methylglutaric anhydride (1) [50, 51] , these values are in reasonable, but not excellent, agreement. One does, however, expect the NMR activation energy to be somewhat smaller than the computed barrier [11 50-51] .
Insofar as the van der Waals intermolecular interactions will change the structure of the covalently bonded molecules very slightly, separating the total contributions to the methyl group rotational barrier into intramolecular and intermolecular components is not well-defined.
However, as a rough guide, we can consider the electronic structure barrier calculations by values in related compounds [11] .
A useful parameter that characterizes a plot of the logarithm of the solid state 1 H spinlattice relaxation rate as a function of the inverse temperature is the ratio of the magnitude of the slope at low temperature to the magnitude of the slope at high temperature. A value of unity for this parameter in pure 3-methylglutaric acid suggests a unique value for the methyl group rotational NMR activation energy which, in turn, suggests that a vanishingly small fraction of molecules reside on crystallite surfaces or near other crystal imperfections. This is consistent with the large crystallites observed in the field emission scanning electron microscopy images.
For pure 3-methylglutaric anhydride, however, this ratio of slopes is 0.8 which implies an observable distribution of methyl group rotational NMR activation energies resulting from the fact that methyl groups in molecules on crystallite surfaces or near other crystal imperfections will have a different barrier from methyl groups in the bulk crystal environment. This is consistent with the field emission scanning electron microscopy images that suggest there is a large variation in sample morphology and that there are many very small particles which may or may not be single crystallites, even at the hundreds of nanometers scale.
The preceding comments refer to the pure compounds. We have also observed 1 µm images of different parts of (a) showing the large variability of morphologies and particle sizes. Of note is the preponderance of very small particles, which may or may not be single crystallites. There was some melting caused by the electron beam at the scales of (b), (c), and (d).
Note the similarity of the larger crystallites in (c) to that for 3-methylglutaric acid (2) in Fig. 5 (b) .
The horizontal striations in (c) and (d) are an imaging artifact.
(a) (b) Table 1 ) above 160K and samples 2B1, 2A1, and 2A2 of 3-methylglutaric acid (2) (■) over the entire temperature range (130-300 K). T max is the temperature of the relaxation rate maximum (160 K for 1 and 195 K for 2; see 
